Sepsis is a multifactorial, and often fatal, disorder typically characterized by widespread inflammation and immune activation with resultant endothelial activation. In the present study, we postulated that the adipokine adiponectin serves as a critical modulator of survival and endothelial activation in sepsis. To this aim, we evaluated both loss-of-function (adiponectin genedeficient mice) and subsequent gain-of-function (recombinant adiponectin reconstitution) strategies in two well-established inflammatory models, cecal ligation perforation (CLP) and thioglyocollateinduced peritonitis. Adipoq Ϫ/Ϫ mice, subjected to CLP, exhibited a profound (ϳ8-fold) reduction in survival compared with their wildtype Adipoq ϩ/ϩ littermates after 48 h. Furthermore, compared with wild-type controls, thioglycollate challenge resulted in a markedly greater influx of peritoneal neutrophils in Adipoq Ϫ/Ϫ mice accompanied by an excess production of key chemoattractant cytokines (IL-12p70, TNF␣, MCP-1, and IL-6) and upregulation of aortic endothelial adhesion molecule VCAM-1 and ICAM-1 expressions. Importantly, all of these effects were blunted by recombinant total adiponectin administration given 3 days prior to thioglycollate challenge. The protective effects of adiponectin were ascribed largely to higher-order adiponectin oligomers, since administration of recombinant C39A trimeric adiponectin did not attenuate endothelial adhesion molecule expression in thioglycollate-challenged Adipoq Ϫ/Ϫ mice. These data suggest a critical role of adiponectin as a modulator of survival and endothelial inflammation in experimental sepsis and a potential mechanistic link between adiposity and increased sepsis. adipokine; neutrophil recruitment; cytokines DESPITE EXTENSIVE RESEARCH, sepsis remains the leading cause of death in critically ill patients worldwide (6). Although several pathophysiological pathways have been described, the com-
mon mechanistic theme involves a profound imbalance between inflammatory and immune responses that culminate into widespread endothelial activation and vascular dysfunction.
Among the numerous risk factors that predispose to sepsisrelated complications, obesity and diabetes have been suggested to be prominent risk factors for case fatality in bacteremic patients (4, 38, 43) . Although the impact of adiposity toward sepsisrelated complications is likely multifactorial in nature, one suggestion is that this may be related to alterations in adipocyte biology and adipokine profiles (38) .
The adipose tissue produces various bioactive adipokines, of which adiponectin is the most abundant, accounting for 0.01% of the total plasma proteins (1) . Numerous studies indicate that reduced adiponectin levels are observed in patients with obesity and diabetes and may link adiposity to adverse cardiovascular outcomes in these patients (1, 8, 9, 14, 17, 21) . From a biological standpoint, adiponectin has been demonstrated to exert profound anti-inflammatory and antiatherosclerotic effects, in part via diminishing endothelial activation and leukocyteendothelial interaction (28, 29) .
Given the important anti-inflammatory and vasculoprotective effects of adiponectin, it is plausible that adiponectin deficiency may predispose to sepsis-related complications in states of obesity, diabetes, and insulin resistance.
To gain fundamental insight into this question, we evaluated, in adiponectin-deficient mice, survival following cecal ligation and perforation (an experimental sepsis surrogate) and endothelial activation in a thioglycollate-induced inflammation model. Furthermore, we evaluated whether this phenotype can be rescued by recombinant adiponectin administration and the potential contribution of adiponectin oligomers toward these effects.
MATERIALS AND METHODS
Animals. All procedures adhered to the guidelines of the Canadian Council on Animal Care and were approved by the Institutional Animal Care Committee at St. Michael's Hospital. Studies were performed on male (8 -10 wk) adiponectin knockout (Adipoq Ϫ/Ϫ ) mice, with their wild-type (Adipoq ϩ/ϩ ) littermates acting as controls (18) . Genotyping was performed by routine PCR on ear DNA.
Cecal ligation and perforation model. Anesthetized (10 mg/kg xylazine-150 mg/kg ketamine ip) mice underwent Ͻ1 cm midline laparotomies. Cecums were ligated ϳ0.5 cm distal to the ileocecal valves, and each cecal stump was subjected to a single "through-andthrough" puncture (18-gauge needle). The cecums were returned to the peritoneal cavities and the incisions closed with dual layers of running sutures. The ligation and perforation steps were omitted in the otherwise identically sham-operated group. All mice received fluid resuscitation (1 ml of saline sc) and analgesic support (0.03 mg/kg buprenorphine sc bid) postoperatively. Animals were monitored for Յ96 h postsurgery.
Peritonitis model. Conscious mice were bled from the right saphenous vein and anesthetized with 10 mg/kg xylazine-200 mg/kg ketamine (ip). Osmotic pumps (Alzet) implanted in the subscapular pockets delivered saline (1 l/h) or mouse recombinant adiponectin (50 g/day total or C39A trimeric adiponectin; Biovendor). Both forms of recombinant adiponectin contained the same levels of endotoxin (Ͻ0.1 EU/g), as determined by a Limulus amebocyte lysate kit (Wako) and confirmed by SDS-PAGE gel resolution. Blood was collected from the left saphenous vein 30 h after surgery. Three days postimplant, mice were injected (ip) with either 1 ml of 3% thioglycollate (Difco) or an equivolume of saline 4 h prior to being anesthetized with the aforementioned xylazine-ketamine cocktail. Each peritoneal cavity was lavaged with 4 ml of ice-cold modified PBS (containing 1% BSA and 5 mM EDTA), and whole blood samples were obtained via cardiac puncture. PBS-flushed aortas were fixed under pressure with 2% paraformaldehyde, embedded in optimal cutting tissue, and stored at Ϫ80°C.
Whole blood samples were divided into two; one half was allowed to clot at room temperature for 30 min to isolate sera and the other was collected into EDTA. Serum adiponectin was assessed with a commercially available ELISA kit (Biovendor) and Western blotting (40) . Cytokines were measured in frozen serum samples using the BD Cytometric Bead Array Mouse Inflammation Kit (BD Biosciences) for flow cytometry.
Leukocyte subpopulations in peripheral whole blood or peritoneal lavage were identified by flow cytometric immunophenotyping methods. Aliquots of whole blood or peritoneal lavage were preincubated with mouse BD Fc Block (rat anti-mouse CD16/CD32), and antibody cocktails were added: PerCP-Cy5.5-conjugated anti-CD45 (clone 30-F11), FITC-conjugated anti-Gr-1 (clone RB6-8C5), and PE-conjugated anti-CD11b (clone M1/70) to identify myeloid (including neutrophil) subpopulations and PerCP-Cy5.5-conjugated anti-CD45 (clone 30-F11), FITC-conjugated anti-CD3 (clone 17A2), and PEconjugated anti-CD19 (clone 1D3) to identify lymphoid subpopulations. Following incubation with the antibody cocktails, erythrocytes in the whole blood samples were lysed using FACSLyse reagent while an aliquot of CountBright absolute counting beads (Molecular Probes) was added to the peritoneal lavage samples to enumerate absolute neutrophil count. Data for the latter were calculated against the retrieved lavage volumes, which were in the range of 3.1-4.5 ml. The whole blood immunophenotyping method yielded CD45 by side scatter profiles similar to those of normal human peripheral leukocytes (Supplemental Fig. 1A ; Supplemental Material for this article is available at the AJP-Endocrinology and Metabolism web site). In every sample, parallel analyses were performed with the corresponding fluorochrome-conjugated isotype controls (Supplemental Fig. 1B ). Data were acquired on a FACSCalibur (BD Biosciences) flow cytometer equipped with a 15-mW 488-nm argon gas laser. Unless otherwise stated, all reagents and antibodies were from BD Biosciences.
Transverse aortic cryosections (5 m) were blocked with normal donkey serum (Santa Cruz) and stained with either goat anti-mouse vascular cell adhesion molecule-1 (VCAM-1) or intercellular adhesion molecule-1 (ICAM-1) antibodies (R&D). Negative controls were performed with the appropriate normal IgG. Fluorescent detection was achieved with a Molecular Probes Alexa Fluor 488 donkey anti-goat antibody. Micrographs, digitally captured under uniform microscope and image capture settings, were processed with Adobe Photoshop to determine the number of pixels fluorescing above an empirically determined threshold. Two blinded observers each independently analyzed the signal strength in two sections from two distinct segments of each aorta using the ImageJ software (http://rsb.info.nih.gov/ij/). Data from each animal in each group were averaged to obtain a single value for statistical analysis.
Statistical analyses. Results are expressed as means Ϯ SE for number of animals, with P Ͻ 0.05 representing statistical significance. Means were compared using Student's t-test. Fig. 1 . Survival curves for Adipoq Ϫ/Ϫ and Adipoq ϩ/ϩ mice following cecal ligation perforation (CLP) and sham procedures. Naïve mice, randomly assigned to undergo either a CLP procedure or a sham operation, were monitored for Յ96 h postsurgery; n ϭ 8 for sham groups, n ϭ 10 for CLP groups. Fig. 2 . Adipoq Ϫ/Ϫ mice initiate an inflammatory response to thioglycollate that is partially reversed by recombinant mouse total, but not C39A trimeric, adiponectin. Mice were administered saline or 50 g/day sc recombinant mouse adiponectin (Ad) for 3 days. Four hours after challenge with either 1 ml ip of 3% thioglycollate or saline, neutrophil recruitment was determined in peritoneal lavage samples by flow cytometry; n ϭ 6 -8. *P Ͻ 0.05 vs. corresponding non-thioglycollate-challenged group; †P Ͻ 0.05 vs. corresponding saline-treated group.
RESULTS

Survival after cecal ligation and perforation is profoundly impaired in adiponectin-deficient mice. Adipoq Ϫ/Ϫ mice and
Adipoq ϩ/ϩ littermate controls were subjected to cecal ligation perforation (CLP)-induced sepsis. Sham-operated animals served as controls. Figure 1 illustrates the survival curves for mice in which CLP was performed and clearly demonstrates the profound reduction in survival of Adipoq Ϫ/Ϫ mice. Eight of the 10 Adipoq ϩ/ϩ mice that underwent the CLP procedure were still alive 96 h postsurgery. Strikingly, none of the Adipoq Ϫ/Ϫ mice that had the CLP procedure performed (n ϭ 10) survived beyond the 72-h observation window. Median survival time post-CLP was 42 h in Adipoq Ϫ/Ϫ mice vs. 96 h in Adipoq ϩ/ϩ mice (P Ͻ 0.05).
Peritonitis-associated neutrophil recruitment is exaggerated in adiponectin-deficient mice. To study the functional role of adiponectin in inflammation, we performed short-term thioglycollate-induced peritonitis experiments to elicit the endogenous inflammatory program. Acute (4 h) thioglycollate challenge led to intense recruitment of neutrophils into the abdominal cavity of Adipoq ϩ/ϩ wild-type mice (Fig. 2) . Strikingly, this response was markedly exaggerated in Adipoq Ϫ/Ϫ mice, as evidenced by higher neutrophil counts in the peritoneal lavage fluid (Fig. 2) . The relative distributions of the individual leukocyte subpopulations were similar between the groups (Fig. 3) , confirming that the enhanced thioglycollate-evoked responses in Adipoq Ϫ/Ϫ mice could not be accounted for by altered systemic neutrophil viability or a change in the relative composition of the leukocyte populations (monocytes, lymphocytes, and granulocytes).
Adiponectin reconstitution experiments were performed by administering recombinant mouse adiponectin via osmotic minipumps 3 days prior to thioglycollate challenge. Adenoviral adiponectin delivery is a commonly utilized knockback strategy (13, 22, 23, 25, 33, 34) but results in exclusive hepatic expression of the gene (23, 42) with limited evidence to date demonstrating that the resulting proteins undergo the same posttranslational modification as native adiponectin (3, 32, 42) . To circumvent these issues, we opted to continually infuse into our mice mammalian cell (HEK-293)-derived recombinant mouse adiponectin. Levels of total adiponectin in Adipoq ϩ/ϩ mice administered saline, recombinant total, or C39A trimeric adiponectin were similar (11.93 Ϯ 0.54, 11.83 Ϯ 0.91, and 11.45 Ϯ 1.08 g/ml, respectively). Total adiponectin was virtually undetectable in the sera of Adipoq Ϫ/Ϫ mice administered saline (0.01 Ϯ 0.01 g/ml). Delivery of recombinant total adiponectin resulted in a significant increase in serum adiponectin concentrations (4.85 Ϯ 0.15 g/ml, P ϭ 0.02), with elevations observed in all three adiponectin isoforms (Supplemental Fig. 2 ). Reconstitution with recombinant C39A trimeric adiponectin raised serum adiponectin concentrations to 0.29 Ϯ 0.03 g/ml (P Ͻ 0.01). Importantly, administration of recombinant total adiponectin prior to thioglycollate challenge rescued the inflammation defect, as evidenced by similar peritoneal leukocyte counts in non-thioglycollate-challenged Adipoq ϩ/ϩ wild-type and Adipoq Ϫ/Ϫ mice (Fig. 2) . In contrast, recombinant C39A trimeric adiponectin had no effect on thioglycollate-induced neutrophil recruitment (Fig. 2) .
Increased cytokine production in adiponectin-deficient mice subjected to peritonitis. We next evaluated the impact of peritonitis on systemic cytokine elaboration, an important endogenous response to inflammation. Figure 4 illustrates the serum levels of key chemoattractant cytokines IL-12p70, TNF␣, monocyte chemoattractant protein-1, and IL-6 in Adipoq Ϫ/Ϫ and Adipoq ϩ/ϩ wild-type control mice. Thioglycollate challenge led to a significant increase in the serum levels of these cytokines, and this effect was significantly greater in Adipoq Ϫ/Ϫ mice vs. Adipoq ϩ/ϩ mice. Importantly, recombinant total adiponectin administration exhibited anti-inflamma-tory effects, evidenced by a marked reduction in the levels of these cytokines in Adipoq Ϫ/Ϫ mice and Adipoq ϩ/ϩ mice subjected to thioglycollate administration (Fig. 4) . Serum IL-10 levels did not vary statistically between the individual groups (data not shown).
Adiponectin deficiency promotes heightened endothelial adhesion molecule expression in response to peritonitis. Leukocyte recruitment to inflamed tissues is the result of a complex cascade of events that promote leukocyte tethering to an activated endothelium. Therefore, we studied the influence of adiponectin on endothelial cell adhesion molecule expression. To this end, we analyzed the expression of VCAM-1 and ICAM-1 in aortic sections from Adipoq Ϫ/Ϫ and Adipoq ϩ/ϩ mice subjected to thioglycollate administration (Figs. 5 and 6). Endothelial expression of both VCAM-1 and ICAM-1 was markedly increased in aortic sections from Adipoq Ϫ/Ϫ mice subjected to thioglycollate treatment ( Figs. 5 and 6 ). Pretreatment with recombinant total adiponectin significantly inhibited the increase in cellular adhesion molecule expression.
Total adiponectin circulates in the serum as a trimeric and a larger multimeric structure of high molecular weight (HMW) (30, 41) . Recent evidence suggests that the HMW (vs. trimeric) isoform of adiponectin is more functionally active (2, 10). To further gauge the importance of adiponectin oligomeric isoforms toward inflammation, we compared the impact of recombinant C39A trimeric adiponectin administration (vs. total adiponectin) on endothelial expression of VCAM-1 and ICAM-1 in response to thioglycollate administration. As shown in Figs. 5 and 6, recombinant C39A trimeric adiponectin administration did not attenuate adhesion molecule expression in Adipoq Ϫ/Ϫ mice compared with administration of total Fig. 4 . Thioglycollate stimulation evokes greater cytokine releases in Adipoq Ϫ/Ϫ than in Adipoq ϩ/ϩ mice, and these are suppressed by recombinant mouse total adiponectin (Total Ad). Mice were administered saline or 50 g/ day sc recombinant mouse total adiponectin for 3 days. Four hours after challenge with 1 ml ip of 3% thioglycollate or saline, peripheral whole blood samples were collected for serum cytokine profiling; n ϭ 5-7. *P Ͻ 0.05 vs. corresponding non-thioglycollate-challenged group; †P Ͻ 0.05 vs. corresponding salinetreated group.
adiponectin, suggesting that higher-order adiponectin oligomers are likely anti-inflammatory in this model.
DISCUSSION
Our observations add to the growing list of anti-inflammatory, immunomodulatory, and vasculoprotective effects of adiponectin. Numerous clinical studies indicate the relationship between low adiponectin levels and high levels of C-reactive protein (15, 21, 27, 31) , an emerging biomarker and prognosticator of cardiometabolic risk (39) . Circulating adiponectin levels are diminished in states of obesity, diabetes, and insulin resistance and are inversely correlated with other well-established cardiovascular risk factors such as hypertension and elevated cholesterol. Furthermore, low levels of adiponectin have been shown to be an independent risk factor for the development of diabetes, hypertension, and coronary artery disease (1, 8, 11, 16, 26, 27) . Several studies suggest that the cardiometabolic benefits of adiponectin may be driven largely through improvements in vascular homeostasis, particularly through improving endothelial function. Previous studies have demonstrated impaired endothelial function in adiponectindeficient mice (28) and in diabetic and nondiabetic patients (28, 35) . Adiponectin has also been demonstrated to limit aberrant leukocyte endothelial interaction within the microcirculation in part through augmenting nitric oxide bioavailability (29) . Adiponectin exerts potent anti-inflammatory effects, as documented by a reduction in TNF␣ in plasma, adipose tissue, vasculature, heart, and liver (19, 25, 33, 37, 44) . Adiponectin has been demonstrated to afford unique protection against myocardial ischemia and reperfusion injury in part through cyclooxygenase-2 and AMP kinase-dependent mechanisms (33) .
In the present study, we hypothesized that adiponectin, one of the main proteins produced by the adipose tissue, plays an important role to limit endothelial activation and inflammation in experimental sepsis. Our data support this contention by demonstrating that adiponectin-deficient mice exhibit profound reduction in survival following CLP, a well-established model that mimics the pathophysiology of human sepsis. This finding is consistent with the short-term observations of Tsuchihashi et al. (36) , who reported that plasma adiponectin levels were inversely correlated with those of endotoxin and TNF␣ in naïve rats 24 h after CLP. Furthermore, we found that adiponectin deficiency elicits a heightened inflammatory response to thioglycollate-induced peritonitis, as evidenced by a greater recruitment of neutrophils in the peritoneal cavity, exaggerated cytokine and chemokine production, and heightened endothelial cell adhesion molecule, VCAM-1, and ICAM-1 expression in Adipoq Ϫ/Ϫ vs. Adipoq ϩ/ϩ mice.
To the best of our knowledge, this is the first report to distinguish neutrophils as targets of adiponectin and extends recent demonstrations of the unique effects of adiponectin to modulate immune system function. Takemura et al. (34) demonstrated the ability of adiponectin to opsonize apoptotic Fig. 6 . Thioglycollate-induced aortic intercellular adhesion molecule-1 (ICAM-1) staining is greater in Adipoq Ϫ/Ϫ mice than in Adipoq ϩ/ϩ littermates, an effect that is partially reversed by recombinant mouse total, but not C39A trimeric, Ad. Mice were administered saline or 50 g/day sc recombinant mouse adiponectin for 3 days. Four hours after challenge with 1 ml ip of 3% thioglycollate or saline, mice were killed and paraformaldehyde-fixed aortic segments harvested for cryosectioning. Aortic sections were probed with an ICAM-1-specific antibody, and staining was fluorescently quantified; n ϭ 4 -5. *P Ͻ 0.05 vs. corresponding non-thioglycollate-challenged group; †P Ͻ 0.05 vs. corresponding Adipoq ϩ/ϩ group; ‡P Ͻ 0.05 vs. corresponding salinetreated group. Micrographs were taken at ϫ10 magnification, with negative controls shown in the insets. Fig. 5 . Thioglycollate-induced aortic vascular cell adhesion molecule-1 (VCAM-1) staining is greater in Adipoq Ϫ/Ϫ mice than in Adipoq ϩ/ϩ littermates, an effect that is partially reversed by recombinant mouse total, but not C39A trimeric, Ad. Mice were administered saline or 50 g/day sc recombinant mouse adiponectin for 3 days. Four hours after challenge with 1 ml ip of 3% thioglycollate or saline, mice were killed and paraformaldehyde-fixed aortic segments harvested for cryosectioning. Aortic sections were probed with a VCAM-1-specific antibody, and staining was fluorescently quantified; n ϭ 4 -5. *P Ͻ 0.05 vs. corresponding non-thioglycollate-challenged group; †P Ͻ 0.05 vs. corresponding Adipoq ϩ/ϩ group; ‡P Ͻ 0.05 vs. corresponding saline-treated group. Micrographs were taken at ϫ10 magnification, with negative controls shown in the insets. cells and promote macrophage phagocytosis of cell corpses. Those authors suggested that adiponectin may attenuate systemic inflammation by promoting the clearance of early apoptotic cells by macrophages. Furthermore, adiponectin may serve as a regulator of T-lymphocyte-active CXCR3 chemokine ligands and T-lymphocyte migration, acting as an endogenous inhibitor of adaptive immunity (24) , although equivocal data exist on the role of adiponectin on endotoxin-induced injury. Collectively, these results suggest that the anti-inflammatory actions of adiponectin are mediated at least in part via its effects on different leukocyte subtypes.
The primary adiponectin receptors, AdipoR1 and AdipoR2 (45), trigger downstream activation of the AMP kinase, the peroxisome proliferator activated receptor-␣, and the p38 mitogen-activated kinase signaling pathways [reviewed by Kadowaki and Yamauchi (12) ]. Macrophages express both AdipoR1 and AdipoR2, and notably, shifts in receptor dominance from AdipoR1 to AdipoR2 accompany monocytic differentiation into mature macrophages (5, 20) . Interestingly, however, part of the macrophage-associated anti-inflammatory actions of adiponectin does not involve activation of intracellular signaling and instead revolves around calreticulin on the macrophage cell surface and the recognition motif apoptotic cell-associated molecular patterns on the dead cell surface (34) . That adiponectin concurrently elicits non-receptor-mediated events is unsurprising in view of the typically high circulating levels of adiponectin. Although adiponectin receptors have not been reported in neutrophils, the current findings indicate that the possibility cannot be discounted. Whether or not the protective effects of adiponectin we observed in our inflammatory models were receptor dependent or receptor independent was beyond the scope of the current study but clearly merits further investigation.
In our hands, gain-of-function approaches via recombinant total adiponectin administration rescued the inflammatory phenotype, with the suggestion that this may be mediated largely through the HMW isoform, since administration of C39A trimeric adiponectin (vs. total adiponectin) did not attenuate thioglyocollate-induced peritoneal neutrophil recruitment or VCAM-1 and ICAM-1 expressions. This observation is in line with and lends credence to the literature suggesting that the HMW (vs. trimeric) isoform of adiponectin is the more functionally active class of the protein and, as such, may be the oligomer of potential importance as a therapeutic target (2, 10) . Recent in vitro reports indicate that physiological concentrations of adiponectin suppress endothelial cell and hepatocyte C-reactive protein synthesis and secretion (7) . Accordingly, our reconstitution studies suggest the possibility that the higher plasma concentrations of adiponectin present in nonobese individuals may effectively reduce the effects of proinflammatory chemokines.
To the best of our knowledge, this study is the first to demonstrate a critical role of adiponectin in sepsis-related inflammation and survival, likely through a multifactorial antiinflammatory mechanism that serves to limit leukocyte infiltration, chemotaxis, and endothelial activation. We suggest that clinical conditions associated with hypoadiponectinemia, such as obesity, diabetes, and insulin resistance, may predispose to sepsis-related complications through altered adipokine homeostasis. 
